KESAR SINGH AND MARVIN J. JOHNSON ture of Jarvis and Johnson (1947) . Ammonium lactate was prepared by adjusting diluted and depolymerized lactic acid to pH 8.6 with ammonium hydroxide. Infermentationswith ,B-phenylethylamineasprecursor,theconcentrationofammonium lactate was increased to 6.0 grams per liter. The sugar solution was sterilized separately and added to the medium just before inoculation. The final pH of the basal medium was always between 6.0 and 6.2. This synthetic medium was used in all fermentations except those of figure 5b, in which a corn steep liquor medium was employed. This contained (in grams per liter): corn steep liquor (dry basis) 30, lactose monohydrate 30, glucose 10, and calcium carbonate 10.
Eighty ml of fermentation medium were incubated in 500-ml Erlenmeyer flasks. The medium consisted of 47 ml salt solution, 25 ml sugar solution, and 8 ml diluted inoculum. The flasks were incubated at 23 C on a rotary shaker, which described a 1-inch circle at 320 to 330 rpm. Samples for penicillin assays were taken daily under aseptic conditions.
Preparation of precursors. Esters of ethyl, isopropyl, butyl, isobutyl, and ocatadecyl alcohols and of ethylene glycol were prepared by refluxing with phenylacetyl chloride in the presence of pyridine. The saponification equivalents of these esters after purification were found to be correct within ± 2 per cent.
Phenylacetylglycine and phenylacetyl-DL-alanine were prepared by the method of Hotter (1888) and decolorized with activated charcoal. Phenylacetyl-Bphenylethylamine was prepared by the method of Pictet and Kay (1909) . Phenylacetylmethylamine was prepared by reacting a 5 per cent aqueous solution of methylamine with phenylacetyl chloride in an ice bath in the presence of 20 per cent NaOH. It was dried and crystallized from benzene.
The melting points found for phenylacetylglycine (143 C) and phenylacetyl-,B-phenylethylamine (93 C) agreed very closely with those given in the literature. Phenylacetyl-DL-alanine and phenylacetylmethylamine melted at 141 C and 59 C, respectively.
All the precursors were sterilized separately. #-Phenylethylamine was added as the lactate at pH 6.0. Phenylacetic acid, phenylacetylglycine, phenylacetyl-DL-alanmne, and DL-phenylalanine were added as aqueous solutions of their sodium salts. The pH of the phenylacetate was about neutral, that of phenylacetylglycine and phenylacetyl-DL-alanine salts was 6.0 to avoid hydrolysis during sterilization, and that of DL-phenylalanine was 10.0 to render the latter soluble. When DL-phenylalanine was used as a precursor, the pH of the contents of the flasks was adjusted to that of the control by the addition of sterile 1 N H2SO4. Phenylacetonitrile, ,3-phenylethyl alcohol, and the phenylacetates of ethyl, isopropyl, butyl, and isobutyl alcohols and of ethylene glycol were added as pure liquids, whereas phenylacetaldehyde was added as a 50 per cent solution in alcohol. Phenylacetamide, phenylacetylmethylamine, phenylacetyl-,r-phenylethylamine, and octadecanol phenylacetate were added as solid compounds. At least 3 replicates of all fermentations were run. The penicillin values reported are average of these replicates.
Analytical procedures. Penicillin assays were made by the Oxford cup method
The pH of the samples was determined by means of a glass electrode, immediately after removal from the fermentation flasks. A delay of half an hour would cause an increase in the pH reading of 0.2 to 0.3 units because ofthe escape of dissolved CO2. Penicillin G determinations were made by the method of Thorn and Johnson (1948) . Free phenylacetic acid was determined by the method of Higuchi and Peterson, based on two-phase chromatography, the details of which will be published elsewhere.
RESULTS AND DISCUSSION
Toxicity of (-phenylethylamine and phenylacetic acid. A comparison of the toxic effects of ,3-phenylethylamine and phenylacetic acid is given in figures 1 and 2. It will be seen from figure 1 that ,B-phenylethylamine was effective in increasing the penicillin yield when it was added at the time of inoculation or up to 15 hours after the addition of the inoculum, when the pH was about 5.9 to 6.2. It proved to be toxic, however, when it was added at a point when the pH had risen beyond neutrality. This toxicity of i3-phenylethylamine was not lessened by purification of the compound through a Fenske distillation column containing 10 to 12 theoretical plates. That the toxicity is not due to an alkaline pH alone is evident from figure le, indicating that practically no penicillin was produced when 0.12 per cent ,-phenylethylamine was added at 24 hours and the pH during the entire fermentation remained below 8.0. In another experiment 0.60 per cent 13-phenylethylamine was found to be toxic when added at the time of inoculation (table 5) .
Quite the reverse was true when phenylacetic acid was used as precursor (figure 2). Phenylacetic acid was very toxic when added in high concentrations at an acid pH (figure 2c). This is in agreement with the findings of Moyer and Coghill (1947) . The same amount when added at an alkaline or neutral pH (figure 2f) gave a significant increase in yield over that of the control, but the yield was much lower than that obtained with a smaller concentration (figure 2e). When lower concentrations of phenylacetic acid were added, no toxic effect was encountered, even when the addition was made at an acid pH (figure 2b).
Precursor efficiency of ,3-phenylethylamine. In figure 3 are shown the yields, percentage of penicillin G, and pH obtained when ,j-phenylethylamine was used as a precursor. No penicillin G was detected when no precursor was used. Higuchi et al. (1946) and Higuchi and Peterson (1947) Precursor efficiency of phenylacetic acid. Phenylacetic acid appears to be a more efficient precursor than ,-phenylethylamine (figure 4). Not only were the yields higher, but the proportion of penicillinG was practically constantthrough- Optimum levels of phenylacelic acid. The data so far discussed have shown that maximum precursor efficiency is attained when the precursor addition is made at intervals in small portions. Further, phenylacetic acid has been found to be superior to B-phenylethylamine in yieldinghigher total penicillin and a higherproportion pf penicillin G. Hence, in later experiments, phenylacetic acid was used uwless otherwise stated. cursor was used, optimal yields were only obtained when 0.10 to 0.15 per cent phenylacetic acid was added every 12 hours. The time of fermentation, however, was prolonged, presumably because of the deleterious effect of high phenylacetate concentrations on the growth of mycelium (Jarvis and Johnson, 1947) . Precursor addition levels up to 0.30 per cent did not affect the average pH of the fermentation. But when 0.50 per cent or more phenylacetic acid was added every 12 hours, the pH remained below 6.6 and the yields were very low.
The foregoing picture, in general, holds for the steep liquor medium (figure 5b) with the following exceptions: (1) There was about 5 per cent penicillin G even when no phenylacetic acid was added. (2) The penicillin yields obtained were 5 to 20 per cent higher than those obtained in the synthetic medium under identical conditions. (3) The proportion of penicillin G reached over 90 per cent only when 0.10 per cent or more precursor was added every 12 hours. (4) The average pH during the fermentation was always higher than 8.0, but it was always a little below 8.0 in the synthetic medium. Some of these exceptions can be explained on the basis that corn steep liquor contains some precursors no increase in penicillin yield was observed when these adapted inocula were used in fermentations in the presence of phenylacetic acid.
Effect of pH on penicillin yield and proportion cf penicillin G. To find the optimum pH for the penicillin production under optimum concentration levels of phenylacetic acid, different pH levels were obtained by changing the lactate, acetate, and phosphate content of the medium. The ammonia content was held constant by the addition of ammonium sulfate. As shown in table 2, mamum penicillin yields were obtained at a pH range of 7.6 to 7.9. The time required to obtain the peak yield also followed the same pattern as the penicillin yield. Whether the variation in lactate, acetate, phosphate, and sulfate content had any figure 6 . A comparison of two pH levels at a low precursor level ( figure 6a) shows that, at a higher pH, both the yield and percentage of penicillin G are increased, indicating the increasing availability of the precursor. In figure 6b, phenylacetic acid is a more efficient precursor at high pH values, in the presence of sufficient precursor the penicillin formed is predominantly G even at lower pH values.
Use of other penicillin G precursor8. It has been stated that the maximum 1948]yields of essentially pure penicillin G in synthetic medium can be obtained only by adding 0.10 to 0.15 per cent phenylacetic acid at approximately 12-hour intervals. This amount of precursor is roughly 50 to 75 times more than that recovered as penicillin G. A small percentage of this could be found in the broth after the fermentation, but most of the phenylacetic acid (71 to 94 per cent) was lost (table 3) . The use of high concentrations is, therefore, uneconomical. Another disadvantage is that the peak yields are somewhat delayed in the presence of high concentrations. Furthermore, frequent additions are inconvenient.
To overcome these difficulties, several precursors of penicillin G mentioned under "Experimental Methods" were tested to see if some of them could be used in comparatively smaller amounts without adversely affecting the penicillin yield and proportion of penicillin G. The results obtained with the use of derivatives of phenylacetic acid in two concentration levels are shown in tables 4 and to the medium, its function as a penicillin G precursor is evident from the fact that penicillin G comprised about 24 per cent of the total yield. It was found to be toxic at the higher level used. Of the esters tested, those of ethyl, isopropyl, butyl, and isobutyl alcohols and of ethylene glycol were completely inhibitory. When these esters were added at In a number of experiments with these precursors, penicillin G determinations were made at intervals during the fermentation. In figure 7 are shown the data obtained when precursors were added at 24 hours in concentrations equivalent to 0.14 per cent phenylacetic acid, and table 6 summarizes experiments in which the concentration of precursors added was equivalent to 0.70 per cent phenylacetic acid. Comparable data obtained with B-phenylethylamine and phenylacetic acid as precursors are given in figures 3 and 4, respectively. The resllts indicated that the precursors could be placed in three distinct groups in regard to their availability or precursor efficiency:
(1) Those whose efficiency remains practically constant during the entire fermentation up to the time of peak yield, e.g., phenylacetic acid and phenylacetamide. As phenylacetate is the active group, it appears that the phenylacetamide is hydrolyzed rapidly, thus maintaining the high percentage of penicillin G.
(2) Those whose efficiency increases with the progress in fermentation, e.g., phenylacetylglycine and phenylacetyl-Di-alanine. This is probably due to a slow rate of hydrolysis, so that the effective concentration of the active group becomes the limiting factor. The comparatively higher percentage of penicillin G with phenylacetyl-DL-alanine in the initial stages indicates that the rate of its hydrolysis is faster than the rate with which phenylacetylglycine is hydrolyzed. Phenylacetic acid seems to be the best precursor as far as availability, penicillin yield, proportion of penicillin G, and ease in handling are concerned.
